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ABSTRACT 
The Regional Acceleratory Phenomenon (RAP), a post-injury transient bone 
remodeling phenomenon, is the foundation of most modern corticotomy-assisted 
orthodontics treatment. The piezoelectric knife (PIEZO) is an alternative to mechanical 
devices in conventional oral surgery procedures by rotary bur (BUR). It enables cutting 
bone with low ultrasonic frequency while protecting fragile anatomical structures. PIEZO 
may enhance RAP leading to cellular activities while BUR causes severe trauma in the 
medullary tissue resulting in excessive inflammation. Our previous PIEZO study 
demonstrated that the trans-cortical penetration (TCP) significantly activated biological 
responses by RAP more than the intra-cortical defect (ICD). PIEZO-TCP increases initial 
osteocyte apoptosis, osteoclast, and osteogenic activities. 
 
The cortical alveolar bone is a crucial structural element to support teeth or 
implant stability. Yet, there is no reliable metric for predicting the mechanical properties 
of the bone in this critical region. Recent studies suggest that micro-porosity assessed by 
 
 v 
deep learning from micro-CT images correlates with cortical bone’s elastic modulus and 
ultimate compressive strength by tissue mineral density. 
 
We hypothesized that cortical porosity might increase in the resorption phase and 
decrease in the formation phase associated with RAP. In this study, we used deep 
learning analysis to compare cortical micro-porosity from post-operative micro-CT 
images of PIEZO, BUR, and Control at day 7 and 14. 
 
 
Eighteen 9-week-old male Sprague-Dawley rats were randomly divided into three 
groups: PIEZO, BUR and Control with deep and shallow defects on the right and left 
tibias in test groups. 3D rendered micro-CT images, with approximately 1000 slices each, 
were analyzed for cortical micro-porosity with deep learning algorithms for multi-label 
segmentation. The deep learning model was trained to analyze the image and classify the 
pixels in one of these labels: background, cortical bone, reactive calcified tissue and 
cortical porosity. Cortical porosity was considered to be all void in the cortical bone, 
except for the notch or canal of the tibial nutrient artery. Regional cortical porosity was 
assessed using the full scan volume (approximately 6mm long). Local cortical porosity 
was measured and compared for 3 standardized local regions of interest (ROIs, 0.5, 1.0, 




Results indicate that Piezo corticotomies have a significantly deeper impact on the 
RAP versus conventional rotary burs and that the deep learning process, a subset of 
machine learning that makes the computation of multi-layer neural networks, could be a 
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INTRODUCTION AND LITTERATURE REVIEW 
 
1.1 Historical Background 
 
Although it is discussed and debated extensively in modern literature, surgical 
techniques to accelerate orthodontic treatment are not new. In 1892, L.C. Bryan described 
corticotomies as an adjuvant to malocclusion correction procedures (Bell et al., 2007). One 
year after, in 1893, Cunningham gave a presentation at the International Dental Congress 
in Chicago called “Luxation, or the immediate method in the treatment of irregular teeth” 
where he discussed a similar technique (Cano et al., 2012). In 1931, Bichlmayr described 
corticotomies and osteotomies as a solution to accelerate orthodontic therapy with 
removable appliances for the correction of flared upper incisors (Uzuner & Darendeliler, 
2013).  
 
The techniques mentioned previously have been modified by various authors, 
notably Kole who, in 1959, established the basis for modern surgically accelerated 
orthodontics. His theory that teeth would move within the confines of “bone blocks” 
implied that teeth would move with mineralized bone (Kole, 1959). In order to accelerate 
orthodontic movement, blocks could be separated from surrounding bone to reduce 





as horizontal supra-apical osteotomy (deeper into the medullary bone) cuts. In his original 
article Kole did not suggest using this technique for full-arch orthodontic movement.  
 
An adequate blood supply is necessary for good healing of surgical wounds. The 
blood supply to the anterior maxilla was not well studied until Bell explored the subject 
with studies on Rhesus monkeys in 1969 (Bell, 1969). He also studied vascularization of 
the maxilla in monkeys treated with vertical corticotomies and mobilization of tooth-
bearing bone segments after reflection of buccal and lingual mucco-periosteal flaps. 
Histological examination revealed that the tooth bearing segments (including bone and the 
tooth itself) went through a transitory avascular phase that resolved after approximatively 
3 weeks (Bell, 1972).  
 
In 1975, Düker, in study on beagle dogs, used a technique similar to Kole’s to 
determine whether it might endanger a tooth’s vitality. The procedure included vertical 
decortication of the maxillary alveolar bone and horizontal sub-apical osteotomy cuts 
through the alveolar process. He concluded that the procedure did not endanger either pulp 
vitality or periodontal tissues provided that the crestal bone was preserved (Düker, 1975).  
 
Generson et al. (1978) modified Kole’s technique by substituting the horizontal 
sub-apical osteotomy cuts with corticotomy cuts that did not go through and through using 





This protocol successfully accelerated correction of anterior open bite malocclusion 
(Shroff, 2016).  
 
Kole’s technique has been used by other dentists in addition to Generson, including 
Anholm, Gantes and Suya. Anholm’s technique was similar to Generson’s and was used 
to correct not only anterior open bite correction but also full-mouth malpositions (Anholm 
et al., 1986). Gantes concluded that these surgical techniques did not lead to significant 
attachment loss (Gantes et al., 1990). Suya (1991) mentioned that the optimal period for 
orthodontic therapy was in the first 3 to 4 months after decortication.  
 
All techniques were based on the “bone blocks” concept until Wilcko et al. (2001) 
introduced a new protocol and coined the term “Accelerated Osteogenic Orthodontics” 
(AOO). This technique developed around a concept called the Regional Acceleratory 
Phenomenon, or RAP. This phenomenon, introduced by Frost (1983), is described as a 
transient state of lower bone density and increased bone turnover that promotes healing 
following an injury. This physiologic process will be explained further in a subsequent 
section. The technique described by the Wilcko brothers took advantage of this process by 
performing inter-radicular de-cortication to induce the RAP. This induced a transitory state 
of bone hypomineralisation and accelerated the orthodontic tooth movement. Their 
technique included placement of bone grafting material under the flap, to correct pre-
existing bony dehiscences and fenestrations. However, according to their case reports 





They also suggested that subtle improvements of a patient’s profile could be achieved with 
alveolar reshaping (Wilcko et al., 2009).  
 
Although the AOO protocol (later renamed PAOO, for Periodontally Accelerated 
Osteogenic Orthodontics) effectively reduced orthodontic treatment time, this technique 
was criticized because reflection of full thickness mucco-periosteal flaps was needed in 
order to expose the bone. Some clinicians and patients were reluctant to use this approach 
(Zawawi, 2015), thus leading to development of new minimally invasive surgical 
techniques. 
 
Kim et al. (2009) introduced a technique called “Corticision”. Instead of reflecting 
flaps and using a bur to cause an insult to the bone and induce RAP, they used reinforced 
blades and a mallet to pierce through the gingiva and cortical bone. Although this 
successfully induced the RAP, this technique had drawbacks, such as the inability to do 
soft tissue or bone grafting as part of the same procedure. Furthermore, some patients 
experienced discomfort and post-procedure dizziness because of the malleting.  
 
Later that year, Dibart et al. (2009) introduced the piezocision technique which 
lacked the major drawbacks of the “corticision”. The procedure consisted of corticotomies 
using a piezoelectric knife through gingival incisions without raising a flap. This technique 
also allows soft and hard tissue grafting at the same time. The first mention of piezosurgery 





involved reflection of flaps, thus did not address the main problem with conventional 
AOO/PAOO.  
 
Over the past 10 years, many dentists have published their own decortication 
protocols, but all revolved around the principles of RAP and resembled a technique already 
established. Some authors suggested full penetration of cortical bone only if for soft tissue 
augmentation (Alghamdi, 2010). Techniques that involve partial decortication may not be 
as efficient as complete decortication to induce the RAP. Recently, animal experiments 
(Lee et al., 2008) attempted to confirm this, but the study compared decortication with 
osteotomy and fracture of the tooth-bearing segment. This is not clinically relevant since 
the protocols used today no longer suggest such fractures.  
 
 
1.2 Biological Foundation 
1.2.1 The Bone Remodeling Cycle 
 
 Histologically bone healing/homeostasis is regulated through a remodelling 
cascade divided into activation, resorption, reversal, formation and quiescence phases. This 
process is regulated both systemically and locally. Systemically, parathyroid hormone 
(PTH), vitamin D3, calcitriol, calcitonin and thyroid hormones influence the bone 
remodelling process. Glucocorticoids also play a pivotal role in bone remodelling by 
contributing to mesenchymal cell maturation and making bone cells more sensitive to 





cells. Growth hormones such as insulin-like growth factors (IGF-1 and IGF-2) and 
androgens are key contributors to skeletal growth and development.  
 
The first part of the bone remodeling cycle, the activation stage, is defined and 
characterized by recruitment and differentiation of osteoclast progenitor cells, resulting in 
mature osteoclasts (Burr & Allen, 2019). 
 
 Locally, Receptor Activator of NF-κB Ligand (RANK-L), which is on osteoblastic 
stromal cells is produced by apoptotic osteocytes. Binding to RANK on osteoclast 
precursors is essential for differentiation and survival of osteoclasts. Osteoprotegerin 
(OPG) inhibits RANK-L binding by acting as a decoy receptor and inhibits the 
differentiation of pre-osteoclastic cells to osteoclasts. RANK-L and OPG are regulated by 
cytokines and hormones. In addition to those discussed in systemic regulation, 
Transforming Growth Factor Beta (TGF-B), Prostaglandin-E2 (PG-E2) and basic 
Fibroblast Growth Factor 2 (FGF2) are the main factors.  TGF-B and PG-E2 both stimulate 
OPG secretion, and PG-E2 inhibits RANK-L synthesis as well. FGF2 stimulates RANK-L 
while inhibiting OPG (Hadjidakis & Androulakis, 2006).  
 
 Once osteoclasts are present, the bone lining cells retract from the bone surface 
allowing osteoclasts to bind. After binding, they secrete acids to solubilize bone mineral 
and enzymes such as cathepsin-K to degrade collagen. The result is bone resorption and 






 The reversal phase is defined as the point at which there is no more resorption. 
Although there are many theories, the signal to initiate this phase is unknown. After 
resorption, collagen fragments are removed by specialized bone lining cells called reversal 
cells. Once all collagen is removed these cells deposit a thin layer of matrix, called the 
reversal line. 
 
 The formation phase follows the reversal phase. Osteoblasts deposit an 
unmineralized type 1 collagen osteoid matrix. This serves as a scaffold for hydroxyapatite 
crystals to be deposited. Mineralization of this matrix occurs in two phases. Primary 
mineralization happens in 2-3 weeks and accounts for approximately 70% of the final 
mineral content. Secondary mineralization requires over a year or more. Most of the 
osteoblasts active during this phase undergo apoptosis at the end. However, a small 
proportion of them either become embedded in the bone as osteocytes or stay on the surface 
of the bone as lining cells.  
 
 When the formation phase is finished and the bone surface is covered by bone lining 
cells, the bone enters a quiescent phase. Remineralization will continue during this phase. 







1.2.2 The Regional acceleratory phenomenon 
 
The Regional Acceleratory Phenomenon, or RAP, is a term coined in 1983 by H.M. 
Frost to describe a sequence of events, including increased bone turnover, that occurs in 
response to a noxious stimulus. Frost hypothesized that the RAP phenomenon was acquired 
during evolution to accelerate healing and increase species survival in a competitive 
environment. 
 
The RAP is the fundamental concept behind the accelerated orthodontics technique 
described by Wilcko and Wilcko in 2001 and most subsequent methods. Yaffe et Al. (1994) 
studied the RAP using the rat model and concluded that reflection of a mucco-periosteal 
flap was sufficient to induce RAP and reduce bone density. They assessed the reduction in 
bone density by observing “massive resorption of the alveolar bone, as well as areas in the 
bone proper”. Bone turnover and its markers are associated with an augmentation in 
cortical porosity (Shigdel et al., 2015), (Lloyd et al., 2008), which is consistent with the 
diminution of bone density described by Frost.  
 
Recent studies concluded that segmental osteotomy induced accelerated bone 
remodeling and tooth movement in the rat model (Zou et al., 2019), (Zhou et al., 2019). 
However only tooth movement with or without corticotomy was compared versus control. 
Knowing that the reflection of a muco-periosteal flap alone can induce a phenomenon 





in which soft tissue was reflected without decortication of the bone with an intact control 
and a sham operated specimen.  
 
Not all decortication techniques are equal. Some studies have suggested that 
decortications should be carried all the way to the marrow space while others have 
advocated more conservative osteotomy confined to the cortical thickness unless grafting 
of the area is needed (Amit et al., 2012), (Hassan et al., 2010). Our study will include 
specimens with either deep or shallow penetration. Since some authors are reporting 
superior cellular activation with piezoelectric surgery using a 30Hz frequency (Ohira et al., 
2019), (Dibart et al., 2015), we will compare this technique with conventional bur 
decortication.  
1.2.3 Periosteal New bone formation 
 
Trauma, bacteremia or foreign bodies left from surgery can disrupt the bone and 
induce osteomyelitis (Pineda et al., 2009). Although hard to diagnose and treat, this 
condition is characterized radiographically by osteolysis and periosteal new bone 
formation (Croes et al., 2018). Assessing the presence and quantifying the amount of new 
bone formation could give an indication, among others, of the amount of injury and 






1.2.4 The Sprague-Dawley rat 
 
As animal rights movements have evolved and have received more attention, 
animal models for research have moved away from large vertebrates towards smaller 
specimens such as the zebra fish (Danio Rerio) (Conn, 2017). There are advantages to 
moving towards fish, such as reduced costs and smaller footprint requirements for care 
facilities. However, zebra fish are not suited for our project because although their skeleton 
is calcified, they do not have bone marrow per se, and they are too small for surgery. The 
laboratory mouse (Mus musculus) is the smallest mammals with bone marrow commonly 
used in research. Given the size of our instruments (almost 4mm long), this model is too 
small for our surgical procedures, and the defects we want to create may be critical on such 
a small animal. We then moved to the rat model (Rattus norvegicus domestica). The breed 
that we used is the Sprague-Dawley rat, an outbred strain used extensively in medical 
research. We chose the tibia as a site because of its size, location and ease of access.  
 
1.3 Neural Networks & Deep Learning 
1.3.1 Actual cortical porosity measurement techniques   
 
 
In 1994, 3-dimensional modelling and measuring were not commonly used, so 
Yaffe et al. resorted to other methods, such as calcium retention to quantify areas of 





available, precise measurement and quantification of bone porosity is still very challenging, 
especially if a surgical defect is present. The defect can and will confound the algorithm 
into thinking that it is a porosity and results will be compromised.   
 
As the bone heals, it becomes increasingly mineralized. Consequently, the reactive 
calcified tissue’s radio-opacity tends to be similar to that of the original bone while 
maintaining a distinct woven pattern. Multiple methods of bone segmentation for μ-CT 
data are available most, such as Otsu’s method (Tassani et al. 2014), are based on 
thresholding. Other methods described in the literature use local thresholding (Chang et al., 
2013) or Hounsfield units (Kang et al., 2003), but are still based on radiographic intensity. 
Buie et al. (2007) demonstrated that segmentation of the cortical portion of the bone was 
possible using dual thresholds, but that method is based on the assumption that the cortical 
layer of the bone is continuous. While useful for some studies, in our current studies, this 
cannot be utilized because the cortical bone contains various defects to allow for bone 
remodeling. The technique described by Buie et al. is based on the use of thresholds. 
Valentinitsch et al. (2012) developed a completely threshold independent technique (TIST) 
that used machine learning to segment the cortical layer of the bone. However, this machine 
learning technique could only separate cortical bone from medullary bone and would also 
be confounded by our experimental defects.  
 
An option could be to manually segment all slices, but this would be too tedious 





A combination of human intelligence with the computing speed of machines is required 
for this task.  
 
Machine learning is a method of data science that gives computers the capacity to 
learn by themselves without being programmed to respect precise rules (Bishop, 2006). 
The computers then can recognize complex patterns and make decisions about new 
empirical data without having prior exposure (Wang & Summers, 2012). 
 
Machine learning is a good fit for our application because it would allow us to 
precisely measure the cortical porosity of the bone without concerns about confounding 
factors. Our study focused on cortical porosity because the tibia has very little trabecular 
bone in our region of interest (ROI).  
 
1.3.2 Outline of the convolutional neural network. 
 
Artificial intelligence, or AI, is defined as “the ability of a digital computer or 
computer-controlled robot to perform tasks commonly associated with intelligent 
beings.” (Copeland, 2020). Machine learning is a subset of artificial intelligence where 
the computer is able to learn and improve by itself with statistical techniques. Deep 
learning is a subset of machine learning in which artificial neural networks can learn from 






Artificial neural networks are a series of algorithms designed to recognize 
patterns in data. They are modelled on the biological neural networks that are found in 
animal brains (Chen et al., 2019). A convolutional neural network is a type of neural 
network specialized for image recognition tasks. These networks can “learn” to perform 
tasks by being shown examples, instead of being programmed to do such tasks like a 
conventional computer algorithm would be. Artificial neural networks have many 
applications in today’s world, for example speech recognition, social media filtering and 
medical diagnosis.  
 
Different types of neural network exist for different tasks. The convolutional 
neural network is a type that is specifically designed to perform image recognition tasks. 
They function in a similar way to the visual cortex of animals. This technique requires 
feeding the algorithm some examples of inputs and outputs and allowing the computer to 
learn and test itself. The final algorithm is specialized for the precise application for 
which it has been created and can be of spectacularly accurate. This technique is already 
being used in certain areas of medical imaging (Choi et al., 2018), (Chen et al., 2020).  
 
The first filtering that happens is that the image is filtered through a convolutional 
layer. In this layer, the image is separated the image into small parts that will be analyzed 
by multiple nodes (nodes are the artificial equivalent of neurons). The area represented by 





for example patterns, contrast, colours, etc. in the small part of the image that it is 
responsible for.  
 
After the convolutional layer, the input for multiple nodes are combined and pooled 
into clusters, then sent into only one neuron in the next convolutional layer, streamlining 
the computation process.  
  
Figure 1: Structure of the CNN  
Figure 1 shows a simplified version of the different layers that constitute the CNN. Data will 








We hypothesized that cortical porosity might increase in the resorption phase and 
decrease in the formation phase associated with RAP. In this study, we used deep 
learning analysis to compare cortical micro-porosity from post-operative micro-CT 
images of PIEZO, BUR, and Control at day 7 and 14. 
 
Aim 
The aim of this project is to compare bone modification, assessed by cortical 
porosity, as well as systemic response to surgical defects of different depth and produced 






MATERIALS AND METHODS 
2.1 Outline 
  
The study was approved by the Boston University Medical Center Institutional 
Animal Care and Use Committee (BUMC IACUC) for all animal procedures in this study 
(protocol AN-15682). The animals (N=28z) were all 9-week old male Sprague Dawley 
rats, weighing around 300g. All animals were purchased from Charles River Laboratories 
International and acclimated for at least 48 hours prior to surgical procedures. Systemic 
health of the rats was assessed by monitoring post-operative weight and hematologic data 
at the time of sacrifice. The experimental groups were divided as such: The piezoelectric 
knife (BS1 insert) of the Piezotome 2 was used to create a deep defect on the right tibia 
and a shallow defect on the left tibia of the experimental animals (Group 1). A conventional 
carbide osteotomy bur (#1) was used to create a deep defect on the right tibia and a shallow 
defect on the left tibia of experimental animals (Group 2). The defects in Group 2 used a 
template to ensure that they were similar in size and shape to those created by the BS1 
Piezotome insert. Tissue and serum responses were assessed at days 7 and 14. Three control 
rats on which the left side was left untouched and the right side only had the sham incision 






2.2 Surgical Procedure 
 The animals were purchased from the vendor and given 72 hours to acclimate in 
the housing are of the Boston University Animal Science Center (ASC). They were housed 
two to a cage and were fed ad libitum. At the time of surgery, the rats were sedated with 
an intraperitoneal injection of Ketamine (80mg/kg) and Xylazine (10mg/kg). 0.3mg/kg of 
sustained release buprenorphine was then administered subcutaneously for pain control.  
 
  After being sedated, the animals’ legs were shaved and disinfected with a 
solution of 70% ethanol. An incision was then made with a #15 blade (Bard-Parker). 
Precautions were taken while reflecting the periosteum to avoid damaging the Tibialis 
Anterior muscle. A bony defect was created for the experimental groups, but not for the 
sham group, and the wounds were closed.  
 
Figure 2: Surgical Procedure for Transcortical Piezoelectric defect.  
From left to right: The Piezoelectric knife and the BS1 insert are showcased, the surgical area 






 The defect for the Piezoelectric surgery group was created with a BS1 insert on a 
Piezotome 2 unit (Acteon, Satelec) with a modulation of 30Hz, with 60mL/min sterilized 
saline irrigation. The four prongs of the insert fully penetrated the cortical layer of the bone 
for the deep group. Care was taken not to insert the BS1 tip all the way past the cutting 
edge, ensuring that all four defects were not connected.  For the shallow group, 
piezoelectric knife was not allowed to fully penetrate the cortical layer of the bone.  
 
 The defect for the Bur group was made with a 1/2 round carbide bur, using a 
template made to mimic the size and spread of the four defects created by the BS1 insert 
of the Piezotome. The deep group received defects that were fully perforating the cortical 
Figure 3: Transcortical vs Intracortical defects.  
Conceptual view of the surgical defects, with the intra-cortical (shallow) on the left, and the 
transcortical (deep) on the right. Note the penetration and involvement of the marrow space on 





layer of the bone while the shallow group defects were confined in the cortical bone.  The 
surgical wound was closed with sutures. 60mL/min irrigation with sterile saline was used 
as well. A horizontal mattress suture with 4-0 Polyglycolic acid (PGA) (Ace Surgical) was 
used to reapproximate the borders of the wound, then full closure was obtained with 3 
interrupted sutures with 5-0 PGA (Ace Surgical).  
 
 The rats were then monitored and weighed every day for 2 weeks (or until 
sacrifice), and then weighed once every week.  
 
After euthanization by carbon dioxide, blood was collected from the heart, skin was 
dissected from both legs and they were removed at the acetabulofemoral joint. The limbs 






2.3 Deep Learning 
2.3.1 Input for our project 
 
For out project, we elected to hand segment 8 slices of every scan to feed the 
algorithm. This is the “example” that we give to the computer that we will feed the model 
in order to allow it to learn, as discussed earlier in the introduction.  
 
In other words, this is the equivalent of showing the model “This is what we start 
with” and “This is what we want”.  
Figure 4: Input of our deep learning model.  
Figure 4 shows a simplified version of the different layers that constitute the CNN. Data will 






2.3.2 Other parameters 
  
2.3.2.1 Error / loss function 
 
Loss functions are used to calculate the error in the model, which is very important 
because the main goal of training a model is to reduce said error. In order to understand 
this better, we must start from the premiss that everything that is sent to the nodes is a 
mathematical problem. In other words, loss functions are used to calculate how well our 
model is modelling reality. This is a major part of what allows learning per se.  
 
Figure 5: Parameters of our deep learning model.  






 Choice of a loss function depends on what kind of “problem” you are submitting to 
the algorithm. Some problems can be regressions, which means that we are trying to predict 
a value or quantity. Imaging “problems” are mostly binary or multiclass. An example of a 
binary problem could be to isolate teeth in a CBCT. In this case, the question asked to the 
computer could be simplified as “is this part of a tooth” and can be answered by “Yes/No”. 
More complex “problems” are known as multiclass.  
 
Our “problem” that we are submitting to the machine is considered a multiclass 
problem. It is multiclass because there are 4 different classes, or possibilities for each pixel. 
It can be either bone, reactive calcified tissue, a porosity in the cortical layer of the bone, 
or background noise. All our classes are in the same sample. This particular case is referred 
to as a multi-label segmentation (Goodfellow et al., 2020).  
 
The loss function that fits better with such a model is called categorical cross-
entropy. This classifies each pixel into the closest category and assume that it is part of this 
one. For example, in our project, if a pixel comes back to correspond 80% to bone, 20% to 
reactive calcified tissue, 0% background, and 0% cortical porosity, it will be considered as 






2.3.2.2 Optimization Method 
 
Training a deep model as explained above is a great idea in theory but can take 
weeks if not months with the computational power that we can realistically get. To solve 
this issue, different optimization algorithms have been created. They are aimed at 
minimizing the value of the function loss.  
 
AdaDelta is the optimization algorithm that we use. It was first introduced by 
Zeiler (2012). The way these optimization algorithms work is very complex but can be 
summarized by this metaphor. Data is classified into gradients, and we start at the top of 
the gradient mountain. Our goal is to reach the valley, where our model will fit the data 
very well. Adding the AdaDelta optimizer would be like saying: 1- We know the general 
direction of the valley, 2- We can run fast in the beginning, 3- We need to slow down 
when we get near the bottom.  
 
 
2.4 3D X-ray Microscopy 
 
 The Regional Acceleratory Phenomenon, or RAP, includes a transitory reduction 
in bone density. In order to assess the RAP radiographically, imaging of the defect regions 
used a Xradia Versa 520 unit (Zeiss). This unit is a 3D microscope designed to obtain 
accurate non-destructive 3D imaging in multiple applications, including life sciences. It is 
capable of a wide range of contrasts, which allows imaging of less-calcified tissues. For 





achieved because this machine has of a scout and zoom feature, allowing us to determine 
precisely our ROI for a high-resolution study.  
 
Images obtained were segmented using deep learning in 3 different categories: 
bone, calcified soft tissue and holes in the cortical layer of the bone. The total volume of 
the cortical layer was computed by adding the volume of holes in the cortical bone to the 
volume of cortical layer. Cortical porosity was then computed as the proportion occupied 
by holes in the total volume occupied by bone. This measure of cortical porosity will be 
referred to as being regional cortical porosity.  
 
 Local cortical porosity was assessed by dividing the whole scan into standardized 
ROIs. An ROI of 3700um x 1000um x 1000um centered around the defect was considered 
to be “immediately surrounding” and not evaluated. Then, ROIs of 4200um x 1500um 
x1000um (Near), 4700um x 2000um x 1000um (Mid.) and 5200um x 2500um x 1000um 
(Far) were evaluated and compared. The ROIs were not overlapping, meaning that they 
included only what was in the rectangle that was not in the previous one. This analysis will 
be referred to as being local porosity. A rectangle equivalent to the largest ROI (5200um x 
2500um x 1000um) will also be evaluated on the control samples. This will be referred to 
in the results and discussion as being the control average.  
 
 To set up our deep learning algorithm, we created a u-net neural network algorithm 





ground truths, 10 slices were hand segmented and then verified with another experienced 
blinded investigator. Using these segmented slices as an output, and the original slices as 
input, a deep learning cycle was started with a batch size of 32, a patch size of 32, a stride-
to-input ratio of 0.5 and allowed to learn for 100 epochs. Twenty percent of the original 
data was used for confirmation with an adadelta optimization algorithm. All models had 
value accuracy rates of over 99.9% when self-verifying after training. Although these 
settings can be applied in various software packages, we used Dragonfly (ORS systems) 
because of its wide range of imaging analysis capabilities. It also makes deep learning 
possible with little to no coding ability and python knowledge.  
 
 After an injury, there is an observable amount of reactive calcified tissue with a 
woven pattern that appears under the periosteum and sometimes in the marrow space. The 
amount of reactive calcified tissue, or periosteal new bone, will also be compared to assess 
inflammation. To further investigate we will also include a separate analysis for the woven 






  After whole scans were segmented using these algorithms, the results were 
optimized by hand to ensure that no holes were counted outside of the volume of the 





Figure 6: Regional Porosity 
This demonstrate approximately the 
region scanned, which will be used 
for to evaluate regional porosity. The 
whole scan is approximately 7mm on 
the longitudinal axis 
Figure 7: Local Porosity 
Depiction of local cortical porosity 
on a Bur deep D7 sample (333R). 





2.5 Haematological analysis 
Serum was isolated from each rat following the protocol by Parasuramam et al 
(2010). After centrifugation and isolation, serum was frozen at -80°C. The blood was 
analysed using a Hemavet 950 FS blood analyzer (Drew Scientific), using the Mascot 
hematology profile. All samples were analyzed within 24h of collection.  
 
2.6 Statistical Analyses 
Statistical analysis used analysis of variance (ANOVA).  
For reagional porosity, reactive calcified tissue, and marrow space woven calcified 
tissue, Dunett’s test was used to compare groups to control. If a significant difference was 
observed between means (P<0.05) in the ANOVA, Tukey honest significance test (HST) 
was applied to each pair to investigate which ones were significantly different.  
 
For local porosity, we used ANOVA and HST to compare groups. We found the 
local shallow defects to be very variable, so we also investigated the deep local defects in 
a separate analysis. One sample with a transcortical piezoelectric surgical defect was 
discarded for multiple reasons: the wound opened during healing and showed signs of 
infection, which required surgical and pharmacological intervention. Furthermore, the 
sample had a unique presentation on the µ-CT, and data from this sample was aberrant.  
only the differences between ROIs of the same sample group or from the same distances 
were retained, even if some others were statistically significant. For example, a statistically 





significant differences between ROIs of piezo deep samples. A statistically significant 
difference between “Bur Shallow Near” and “Piezo Deep Mid” would not be retained. Our 
analysis is this way because our goal is to establish differences between groups for some 
standardized distances, and also to see if within the same group the amount of 
demineralization gets smaller as we get further from the defect in this range.   
 
 The tables with the values for each sample are available in the appendix.  
Figure 8: Result of Segmentation 
The left picture shows original microCT image. The right image demonstrates the results of the 





CHAPTER 3  
RESULTS 
 
3.1 3D- Xray Microscopy 
3.1.1 Day 7 Samples 
3.1.1.1 Overview 
 
Figure 9: Segmented Day 7 samples 
Figure 9 shows the result of the segmentation for one sample of each group on a coronal 
slice. The Cortical bone is daffodil (yellow), the reactive calcified tissue is magenta, and 






Figure 10: Unsegmented data of day 7 samples 
The figure shows unsegmented coronal cuts (oginal micro CT images) going through 






3.1.1.2 Regional Cortical Porosity 
 
For the 7-day group, the analysis of variance (ANOVA) suggested that there was a 
significant difference between the means (P<0.01). The Piezo Deep group had the highest 
mean regional cortical porosity. The Tukey HST test confirmed that this difference was 
statistically significant over the bur deep (P<0.05), bur shallow (P<0.01) and control 
(P<0.05) groups. 
 
The Dunnett’s test suggested that the piezo deep group was the only one to show a 







































Figure 12 (Top) and 13 (Bottom): Local Cortical Porosity at day 7. 
Figure 12 shows only the samples with transcortical defects. Figure 13 shows all samples. Red 
reference line indicates the average porosity found on the control samples for this part of the bone.   
 
3.1.1.3 Local Cortical Porosity 
  
  








































































The defects from transcortical piezoelectric surgery induced the highest mean local 
porosity of all groups at day 7. 
  
 In the first analysis, where only the transcortical (deep) defects are compared, the 
ANOVA suggested that there was a significant difference between the means (P<0.001). 
The Tukey HST test confirmed statistically significant differences (P<0.05) between all 3 
pairs of means (for all 3 standardized ROIs).  
 
 For the second analysis that looked at all the samples, the ANOVA suggested that 
there was a significant difference between means (P<0.0001). The Tukey HST test 
confirmed statistically significant differences (P<0.05) between the transcortical 
piezoelectric defects and the intracortical bur defects for all 3 standardized ROIs. 
Significant difference (P<0.05) was also shown between the transcortical piezoelectric 







3.1.1.4 Reactive Calcified Tissue 
 
  
At day 7, the bur deep group had the most reactive calcified tissue, and the control 
group had the least. However, none of these changes were not statistically significant in 










































3.1.1.5 Marrow space woven calcified tissue 
 
 At day 7, the bur deep group had the most woven calcified tissue in the marrow 
compartment, closely followed by the piezo deep group. The ANOVA suggested that the 
means were significantly different (P<0.0001). The Tukey HSD suggested that both the 
piezo deep and bur deep had significantly more than any other group (P<0.001), but that 
there was no significant difference between piezo deep and bur deep. Dunnett’s test 
suggests that both the piezo deep and bur deep groups are statistically different from the 
































Marrow Space Woven Calcified Tissue
Day 7













Figure 16: Segmented Day 7 samples 
Figure 16 shows the result of the segmentation for one sample of each group on a 
coronal slice. The Cortical bone is daffodil (yellow), the reactive calcified tissue is 






Figure 17: Unsegmented data of day 7 samples 
Figure 17 show unsegmented coronal cuts going through defects of one of each group 





3.1.2.2 Regional Cortical Porosity 
 
For the 14-day group, the analysis of variance (ANOVA) suggested that there was 
a significant difference between the means (P<0.01). The Piezo Deep group had the highest 
mean regional cortical porosity. The Tukey HST test confirmed that this difference was 
statistically significant over the bur deep (P<0.05), bur shallow (P<0.05) and control 
(P<0.05) groups. 
 
The Dunnett’s test suggested that the piezo deep group was the only one to show a 








































3.1.2.3 Local Cortical Porosity 
 

































































Figure 19 (Top) and 20 (Bottom): Local Cortical Porosity at day 14. 
Figure 19 shows only the samples with transcortical defects. Figure 20 shows all samples. 
Red reference line indicates the average porosity found on the control samples for this part 









The defects from transcortical piezoelectric surgery induced the highest mean local 
porosity of all groups at day 14. 
  
 In the first analysis, where only the transcortical (deep) defects are compared, the 
ANOVA suggested that there was a significant difference between the means (P<0.001). 
The Tukey HST test confirmed statistically significant differences (P<0.05) between all 3 
pairs of means (for all 3 standardized ROIs).  
 
 For the second analysis that looked at all the samples, the ANOVA suggested that 
there was a significant difference between means (P<0.01). However, the Tukey HST test 






3.1.2.4 Reactive Calcified tissue 
 
At day 7, the bur deep group had the most reactive calcified tissue, and the control 
group had the least.  
The ANOVA suggested a statistically significant between means (P<0.001). The 
Tukey HST test confirmed that there was a statistically significant difference (P<0.001) 
between the control group and each of the experimental groups. However, no statistically 
significant differences between groups was found.  
Dunnett’s test, just like the Tukey HST, suggested statistically significant (p<0.001 
for Bur Deep, Piezo Deep and sham, P<0.0001 for Piezo Shallow and Bur Shallow) 












































3.1.2.5 Marrow space woven calcified tissue 
 
 
At day 14, the bur deep group had the most woven calcified tissue in the marrow 
compartment, closely followed by the piezo deep group. The ANOVA suggested that the 
means were significantly different (P<0.001).  
The Tukey HSD suggested that the bur deep group had significantly more than 
Bur Shallow, Piezo Shallow, Control and Sham (P<0.05), and that the Piezo deep had 
significantly more than Control (P<0.05). Dunnett’s test suggests that both the piezo deep 
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3.2 Hematological Analysis 












































































3.3 Weight Analysis 
 
For the post-operative weight of rats, the data was converted in % of the original weight, 
and then ANOVA was calculated for day 1, 2, 3,7 and 14.  
 
The only statistically significant change observed that the PIEZO group rats were 
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4.1 COVID-19 Foreword 
 
 In December 2019, China reported a cluster of pneumonia cases caused by a novel 
infectious coronavirus. The disease caused by this virus, COVID-19, spread quickly around 
the world. By March 2020, all 50 U.S. states had confirmed cases, and numbers were rising 
at a rapid pace. To help slow the propagation of the virus, the Governor of Massachusetts 
ordered a lockdown and recommended the population to practice social distancing.  
 
These measures had multiple impacts on this thesis; not all samples were scanned, 
histology was never obtained, and serum analysis was not done. However, this is for a 
greater good; At the moment this is written, the outbreak is slowing down and life is slowly 
returning to normal. It is sometimes during the most difficult times that creativity sparks, 
and without this outbreak, the imaging analysis would probably not have been this 
thorough.  
 
The main oddity included in this thesis due to COVID-19 is the lack of a 
conventional control group for the day 14 samples. Because an animal died before the Day 
14 sacrifice, we could not have a control group of at least n=3 for Day 14. We therefore 
added the Day 7 control group to it in order to create a control group of n=5, as mentioned 





4.2 Imaging analysis 
 
4.2.1 Regional Cortical Porosity 
 
The regional cortical porosity analysis includes not only the medial surface of the 
tibia (the surface where the experimental defects were made), but the lateral and posterior 
surfaces as well. This analysis gives a better overview of the changes that are induced in 
the bone by our defects and allow for easier comparison with the control group as well as 
with the sham group. Clinically, this could be useful in the selection of surgical method, 
whether a large range of demineralization and biological bone modification is the desired 
effect or not. For example, a large range of demineralization is desired if the goal of the 
surgical intervention is to accelerate orthodontics, but not if it is to precisely remove bone 
in order to aesthetically lengthen the clinical crown of central incisors.  
 
At day 7 and 14, it was observed that transcortical defects using a piezoelectric 
knife were the only ones that induced significantly more cortical porosity than the control 
group. This seems to indicate that regionally, a piezoelectric knife used trans-cortically 
would be a reliable method to maximize cortical porosity and by extension bone 
demineralization.  
 
Even if not statistically significant, some other observations are possible from these 





both transcortical defects groups yielded more cortical porosity than their intra-cortical 
counterparts. This could be due either to marrow cell activation, larger size of the overall 
injury calling for more inflammatory cells, or a combination of both. Also, the piezoelectric 
knife appears to induce more cortical porosity than the conventional bur for all depths of 
defects. An explanation for this could be the activation of cells using frequencies. It was 
demonstrated before that the piezoelectric knife, used at 30Hz, could cause more bone 
demineralization by inducing early osteocyte apoptosis and therefore stimulating the bone 
remodeling cycle (Ohira et al., 2019).   
 
The intricacies of the mechanisms behind these changes in cortical porosity are very 
challenging to uncover with an imaging analysis only. In normal cortical bone, most of the 
non-calcified (therefore radiolucent) space is either lacunar (osteocyte lacuna) or vascular 
(Haversian or Volkmann canals). Since we did not add anything nor we created other holes 
in the bone than the defects themselves, we hypothesize that these pores in the cortical 
layer are either from lacunar or vascular origins. Our resolution of 6.6µm should allow us 
to see some lacunae, as the length of their long axis is on average 12.9µm in the lamellar 
bone and 10.57µm in the central region (Bach-Gansmo et al., 2015). However, since this 
is very close to 1 pixel (or voxel), some lacunae might be missed and some other might be 
interpreted as noise. To further explore this, we visualized the bone using a 3D method 
called a contour mesh (figure 24). This method only highlights the contours of structures, 
letting us appreciate the overall shape of the porosity in 3-dimensions. Similar methods are 





2015). This analysis showed a lot of tubular structures of vascular appearance. We could 
also see more punctual contours, that would be either lacunae or noise. Overall the 3D 
contour mesh observations are pointing towards a mostly vascular origin of the cortical 
porosity. In his original paper describing the regional acceleratory phenomenon, Frost 
(1983) described a “secondary haversian system” that was created in the bone as response 
to a stimulus. This would also point towards vascular origins for the increase of cortical 
porosity we observed.  
 
  
Figure 26: Cortical porosity of 7D transcortical defects  
A comparison of cortical porosity for day 7. Left slice is from a transcortical bur defect (333R) and 
right is from a transcortical piezoelectric defect (381R). Note the difference in porosity around the 







To know without doubt what the porosities are, we could inject a contrast into the 
animal’s blood prior to sacrifice. This would provide us with a good radiologic view of the 
animal’s vasculature, including intra-bony vessels. Histology could also be a good adjuvant 
in determining their origin, by looking at average diameters to have a scale that is 
appropriate for our samples.  
 
As mentioned previously, all statistical analyses pointed toward the fact that the 
transcortical piezoelectric defects generated the most regional cortical porosity. This shows 
Figure 27: Contour Mesh of 7D transcortical defects 
3D contour meshes of both samples from figure 26. This method allows for visualization of the 
shape of the porosity. Note the blood vessel-like appearance of most contours. These were made 





a decrease in the overall mineralized content of the bone, and possibly an increase in 
vascularity, which are phenomenon consistent with the RAP described by Frost. This is 
also a good indicator that piezoelectric surgery creates a bigger range of demineralization.  
 
 
4.2.3 Local Cortical Porosity 
 
For the local cortical porosity image analysis, results are showing that a 
transcortical defect from a piezoelectric knife would induce the biggest increase in cortical 
porosity. However, no statistically significant difference was observed between different 
ranges of the same groups. This means that for the range that we evaluated, there is no 
decrease in cortical porosity associated with distance from the defect. In order to put exact 
numbers on the decrease in cortical porosity associated with distance, a larger scan volume 
is needed. Such a volume would be only possible to obtain by “zooming out”, which would 
lead to a loss of resolution and less accuracy.  
  
 For this experiment, the regional cortical porosity that has been discussed 
previously would give the best insight on which method induces the most cortical porosity.  
4.2.4 Reactive Calcified Tissue & Overall appearance of the bone 
 
As discussed in the introduction, some authors found that trauma to the bone, 
infection and foreign bodies could cause the apparition of bone under the periosteum, 





the less reactive calcified tissue, but that difference was not found to be statistically 
significant. At day 14, all experimental groups, including the sham group, had significantly 
(p<0.001 for Bur Deep, Piezo Deep and sham, P<0.0001 for Piezo Shallow and Bur 
Shallow) more reactive calcified tissue than the control group. However, no significant 
differences were observed between groups.  
 
 Even if there are no statistically significant differences between groups at day 7, 
some observations are worth pointing out. While the Piezo deep, Piezo Shallow and Sham 
groups had approximately the same amount of reactive calcified tissue, the Bur deep group 
had more than the other groups and the Bur shallow group had less. This could suggest that 
the Bur deep would be more traumatic than other methods. It is also interesting to notice 
that the Bur shallow defects induced less reactive calcified tissue than the sham procedure. 
This finding is most likely due to our small sample size, or the mechanism behind it is 
unknown. Another interesting observation is that all groups are showing almost the same 
amount of reactive calcified tissue at day 14, except for the piezo deep group, which has 
less. This could be explained by the fact that the transcortical penetration of the 
piezoelectric knife activates cells, resulting in faster healing and reducing the time before 
homeostasis is re-established. This also correlates with the clinical aspect, since faster 
healing has been observed with piezoelectric surgery.  
  
 Generally, the local cortical porosity was about double the regional. This because 





therefore normal that the average cortical porosity is lower when we introduce more remote 
bone. The contour mesh (figure 24) allows to visualize that there are changes all around 
the bone and that the porosity of the remote part of the bone is affected by the surgical 
method.  
 
 The fact that at 14 days all experimental groups had very significantly more 
(p<0.001 for Bur Deep, Piezo Deep and sham, P<0.0001 for Piezo Shallow and Bur 
Shallow) reactive calcified tissue and that the control group barely had any is a major 
indicator that these calcifications we are observing are a direct result of our surgical 
procedure.  
 
 Some reactive calcified tissue with a woven pattern was found inside the marrow 
compartment of some scans. For both D7 and D14 time points, both the deep defects were 
the only ones to have significantly more than control. This demonstrates that a deep 
penetration is necessary to activate the marrow cells.  
 
While analyzing the scans, we noticed multiple metal fragments embedded in 
almost half of the bur samples. Although they were some minor differences in the surgical 
techniques between the bur and piezo samples such as that no template was used for the 
piezo samples and that we used a probe to hold said template for the bur samples, we think 
that the metal fragments are most likely from the bur, since it is the metal instrument that 





would be that these fragments are part of the metallic template that were separated by the 
bur. Although this is possible, it is unlikely because during the procedure care was taken 
to avoid this situation. It is also worth noting that the fragments stayed in place despite our 
use of copious irrigation.  
 
 This discovery of metallic fragments is rather worrying because we could not 
appreciate them on regular dental CBCT. This means that there is a possibility that such 
metallic fragments are regularly embedded in tissue during various surgical procedures and 
might explain some failures, infections or exaggerated host response. Although this is 
beyond the scope of this paper, it would be an interesting subject to explore. On the other 
side, the piezoelectric knife procedure did not leave any metallic fragments behind, which 
could make it a good choice for a clinician that wants to err on the side of caution regarding 
metallic fragments.  
4.3 Hematological analysis 
 
No statistical differences were obtained in the hematological analyses at both time 
points. This indicates that the effects of our surgery are locoregional and not systemic.  
 
4.4 Weight Analysis 
 
No statistically significant differences were found between the different groups 
during healing, except for the piezo group that was significantly lighter at Day 1. It is 





too, possibly due to pain, or restriction in the movement required to reach food at the top 
of the cage. This very small drop in weight might not be however clinically significant, 








 We observed that decortication made with a piezoelectric knife generated a 
phenomenon consistent with the RAP that was significantly more pronounced than the one 
induced by rotary burs. This has been observed for both time points evaluated: day 7 and 
day 14. Of all groups, these defects were the only one to produce significantly more RAP 
than the control group. These results are consistent with our hypothesis; they show an 
increase in cortical porosity in the resorption phase.  
 
 This increase in cortical porosity would suggest that in the dental setting, the use of 
a piezoelectric knife for deep cortical penetration would be the most effective method to 
accelerate orthodontic treatment.  
 
 We also found that deep learning, a subset of machine learning, was a very powerful 
tool for image analysis. This technology allowed us to segment and analyze DICOM files 
more efficiently and with more objectivity than anything else currently available. The 
pattern recognition capabilities of this method of image segmentations make the 







 The main limitations in this study were the sample size and the lack of histology. 
This study was made to investigate if there were any differences in the RAP induced by 
these methods. Since the results indicate that there are some significant differences, we can 
do the experiment again with more animals, this time with the confidence that we will 
measure differences and make breakthroughs in dental science. Histology could have been 
a reliable way to tell the origin of the porosities. However, due to the sheer difficulty of 
sample preparation and delays because of COVID-19, it was impossible to obtain it.  
 
 Although there is still a lot of unknowns about the subject, this paper is a good step 
in the right direction to determine which surgical method is the best to accelerate 
orthodontics with the help of corticotomies. Furthermore, I hope this inspired whomever 
is reading it to experiment with deep learning and implement this very powerful too in their 













Sample Group Porosity Reactive 
333 R Bur Deep D7 2.13 9.52 
377 R Bur Deep D7 1.77 11.57 
378 R Bur Deep D7 2.67 32.45 
379 R Bur Deep D7 4.58 20.06 
327 R Piezo Deep D7 5.46 9.82 
380 R Piezo Deep D7 7.51 28.24 
381 R Piezo Deep D7 8.78 7.64 
384 R Piezo Deep D7 6.01 14.8 
385 R Sham D7 5.82 17.39 
386 R Sham D7 5.44 9.1 
387 R Sham D7 1.47 16.75 
385 L Control D7 3.05 2.28 
387 L Control D7 2.85 2.94 
386 L Control D7 2.72 2.51 
379 L Bur Shallow D7 4.26 7.64 
377 L Bur Shallow D7 1.59 21.79 
333 L Bur Shallow D7 0.98 2.42 
384 L Piezo Shallow D7 4.21 25.21 
381 L Piezo Shallow D7 3.74 14.2 
327 L Piezo Shallow D7 3.95 6.27 
 
  






Sample Group Porosity Reactive 
388 R Bur Deep D14 2.67 19.72 
389 R Bur Deep D14 2.92 18.18 
390 R Bur Deep D14 3.26 20.40 
334 R Bur Deep D14 2.96 14.64 
328 R Piezo Deep D14 5.21 21.58 
392 R Piezo Deep D14 5.64 16.00 
391 R Piezo Deep D14 8.34 9.63 
395 R Sham D14 4.51 20.42 
396 R Sham D14 4.32 18.71 
395 L Control D14 2.78 2.81 
396 L Control D14 4.34 2.23 
390 L Bur Shallow D14 1.14 22.80 
388 L Bur Shallow D14 3.43 21.61 
334 L Bur Shallow D14 2.50 11.55 
393 L Piezo Shallow D14 2.71 11.93 
391 L Piezo Shallow D14 7.09 19.51 
328 L Piezo Shallow D14 4.68 25.29 
 
  







Sample & Group Near Porosity Middle Porosity Far Porosity 
334 R Bur Deep 3.657168775 4.997243137 4.324659199 
388 R Bur Deep 5.823452677 4.557201894 4.428218383 
389 R Bur Deep 6.817549034 5.308411692 6.226958651 
390 R Bur Deep 6.711179817 8.076222744 7.969774211 
328 R Piezo Deep 15.29549471 17.75425751 11.15941777 
391 R Piezo Deep 13.34074566 13.03164386 13.36059134 
392 R Piezo Deep 9.049848064 9.048873721 10.68814926 
334 L Bur Shallow 3.315049613 4.50402834 4.27715322 
388 L Bur Shallow 8.652352506 10.29799218 8.010554062 
390 L Bur Shallow 2.25975912 1.592582258 2.553191572 
328 L Piezo Shallow 9.842097563 8.42815573 6.717668148 
391 L Piezo Shallow 13.62037494 12.22261678 12.11975811 
393 L Piezo Sallow 4.454494225 5.204885961 5.285055768 
Sample & Group Near Porosity Middle Porosity Far Porosity 
378 R Bur Deep 10.11852567 10.35649499 10.16034247 
333 R Bur Deep 3.445600952 5.629708637 5.618708336 
379 R Bur Deep 8.452378559 8.719405948 7.572877385 
377 R Bur Deep 1.607950515 2.122867797  
380 R Piezo Deep 13.77690627 13.97218182 17.97896427 
327 R Piezo Deep 12.4930953 13.41891116 14.39832921 
381 R Piezo Deep 15.70845807 17.18686534 16.57016648 
384 R Piezo Deep 10.57270275 10.58002403 11.47303228 
333 L Bur Shallow 1.374316299 1.134420275 1.425800949 
377 L Bur Shallow 4.082456582 3.562379829 4.141545057 
379 L Bur Shallow 8.586536498 8.945822094 8.458705503 
381 L Piezo Shallow 8.691268532 8.204352214 7.759489424 
384 L Piezo Shallow 11.54766508 11.50485087 10.26625088 
327 L Piezo Shallow 10.00236284 6.163169789 7.683359357 
Figure 30: Local Data for Day 7 Samples.   
 










Sample Group Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 
Day 
14 
380 P 310 310 320 325 x 325 345 340 x x x x x x x 
381 P 310 300 305 310 x 310 340 330 x x x x x x x 
384 P 310 295 320 320 x 310 325 355 x x x x x x x 
391 P 340 340 340 325 350 380 350 x 365 380 380 x 395 x 400 
393 P 355 345 350 345 345 360 360 x 370 390 390 x 400 x 400 
394 P 360 340 340 335 340 340 355 x 360 365 370 x 385 x 380 
377 B 320 310 320 315 x 340 360 350 x x x x x x x 
378 B 300 300 310 315 x 300 320 305 x x x x x x x 
379 B 310 305 320 320 x 320 340 340 x x x x x x x 
388 B 320 330 350 310 315 320 325 x 335 340 355 x 370 x 350 
389 B 340 345 320 340 340 355 355 x 360 365 380 x 400 x 390 
390 B 370 370 370 365 375 350 380 x 390 410 410 x 415 x 420 
395 C 340 360 350 345 345 365 370 x 370 385 390 x 405 x 410 
396 C 340 350 335 325 330 350 355 x 360 370 380 x 395 x 390 
385 C 310 310 300 300 x 335 350 355 x x x x x x 380* 
386 C 295 290 305 305 x 295 305 300 x x x x x x x 
387 C 305 305 280 285 x 320 330 325 x x x x x x x 
Figure 32: Weight data for all samples.  






Sample 327 380 381 384 333 377 378 379 385 386 387 
Group P7 P7 P7 P7 B7 B7 B7 B7 C7 C7 C7 
NE (%) 26.17 15.43 12.95 20.44 29.34 22.65 22.21 25.12 27.4 32.16 19.64 
LY (%) 64.34 78.42 77.78 71.03 59.02 69.61 67.39 65.27 63.25 62.55 73.29 
MO (%) 4.55 5.89 7.97 6.8 6.35 6.41 7.94 6.55 6.56 3.58 6.44 
EO(%) 3.66 0.19 0.94 1.25 3.72 0.89 1.39 2.3 1.7 1.18 0.62 
BA (%) 1.28 0.07 0.36 0.48 1.57 0.44 1.06 0.76 1.09 0.53 0.02 
 
Sample 328 391 392 393 388 389 390 334 395 396 
Group P14 P14 P14 P14 B14 B14 B14 B14 C14 C14 
NE (%) 37.43 14.93 18.64 16.98 17.61 28.52 19.53 32.7 21.62 17.77 
LY (%) 57.92 76.82 69.22 73.84 76.66 57 75.19 60.98 72.53 78.95 
MO (%) 4.61 6.46 7.97 6.82 5.1 5.65 4.72 6.16 4.79 3.1 
EO(%) 0.04 1.78 2.5 1.88 0.46 6.37 0.51 0.09 0.69 0.18 
BA (%) 0.01 0 1.68 0.48 0.18 2.46 0.05 0.06 0.37 0 
Figure 33: Hematology data for Day 7 samples.   
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